Bacteria frequently adhere to specific molecular targets through the presentation of protein structures on their cell surface (typically fimbriae) with distinct surface-binding capacities (29, 44) . Some potent adhesins found in a variety of gram-negative pathogens may, instead, be anchored directly to the outer membrane (OM), so the result of the attachment is an intimate target cell contact. A major class of such adhesins are displayed onto the cell surface by virtue of the protein secretion system known as autotransporters (ATs) (17) . Examples of this type include proteins of Salmonella enterica (ShdA and MisL) (21, 22) , Rickettsia rickettsii (recombinant OmpA) (30) , Bordetella species (pertactin, Vag8) (10, 12) , Haemophilus influenzae (Hap, Hia, Hsf; (11, 27, 41) , and some virulent Escherichia coli strains (Ag43, AIDA-1, and TibA) (5, 24, 31) , among others (16) . Such proteins endow bacteria the ability to stick to firm surfaces (11, 21, 27) or to interact with other bacteria (9, 18, 46) .
The AT secretion systems involve the export of two-module polypeptides. These include a C-terminal domain (called transporter or ␤ module) which ends up being inserted as an oligomer in the OM, and the passenger domain, which is the protein moiety eventually presented on and anchored to the cell surface (17, 37, 49) . Such a design seems to be naturally well suited for the emergence of novel adhesins with new specificities. This is because the protein export and anchoring mechanism appears to be tolerant to a large variety of protein structures (7) . Taking advantage of this property several heterologous passenger polypeptides have been exposed on the cell surface fused to the ␤-domain of different members of the AT family, i.e., the mouse metallothionein (47) , the B subunit of the cholera toxin (33) , the ␤-lactamase (28), the bovine adrenodoxin (19) , the carboxylesterase EstA from Burkholderia gladioli (43) , recombinant scFv antibodies (48) , or the fimbrial protein FimH (23), among others (39) .
In this work, we have attempted to reprogram the adhesion properties of E. coli by displaying in its surface an entirely alien protein fold, with potential adhesin-like activity, that attaches distinctly to itself or to a second molecule presented by the target surface. To this end, we created a fusion protein containing the ␤-AT domain of the IgA protease of Neisseria gonorrhoeae, an archetypal AT protein (37) and the partner leucine zippers of eukaryotic transcription factors Fos and Jun (2). Fos and Jun have an intrinsic ability to heterodimerize through the strong interactions between their coiled coils of their protein folds (Jun can also produce homodimers, see below; (1, 2) . When such hybrid proteins were expressed in E. coli, cells acquired novel adherence traits resulting in the selfassociation and clumping of otherwise planktonic bacteria in liquid media, or in formation of stable consortia between cells of strains expressing the dimerization domains, either being Jun/Jun or Jun/Fos. These cell to cell associations are caused by tight protein-protein interactions that connect matching dimerization domains. Our data shed some light on the evolutionary value of AT systems for the appearance of novel adhesion determinants.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli UT5600 (⌬ompT proC leu-6 trpE38 entA (14) harboring pFos␤ and pJun␤ (see below) were grown at 37°C in LB agar plates (36) containing 2% glucose (wt/vol) and chloramphenicol (40 g ml Ϫ1 ) or inoculated in the same liquid medium. For induction, cultures were adjusted to an optical density at 600 nm (OD 600 ) of 0.5 in liquid LB medium without glucose, added with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and incubated further for 3 h at 37°C. The sequences of the jun and fos leucine zipper were PCR amplified from plasmid pJUFO (8) . The DNA segment corresponding to fos was amplified with primers Fos1 (5Ј-ATT ACT CGC GGC CCA GCC GGC CAT GGC GGA CCT GAC CGA CAC CCT G-3Ј) and Fos2 (5Ј-GCT CGA ATT CGG CCC CCG AGG CCT CGT GTG CCG CCA GGA TGA AC-3Ј). Primers Jun1 (5Ј-ATT ACT CGC GGC CCA GCC GGC CAT GGC GGA CCG GAT CGC CCG GCT C-3Ј) and Jun2 (5Ј-GCT CGA ATT CGG CCC CCG AGG CCT CGT GGT TCA TGA CTT TCTG TTT-3Ј) were similarly used for amplification of the jun leucine zipper sequence. The resulting PCR products were digested with SfiI and cloned into the same site of the plasmid pMT␤-1 (Cm r ) (47) . The plasmids thereby originated were named pFos␤ and pJun␤. These expressed, respectively, fusions of the fos and jun leucine zippers, to the ␤ domain of the IgA protease under the control of the lac promoter. The control plasmid pHE␤ expresses a fusion protein between a polyhistidine tag and the IgA protease ␤ domain (49) .
Immunofluorescence microscopy. For detecting the E tag on the surface of E. coli cells, bacteria were washed with phosphate-buffered saline (PBS) (3) and fixed in the same buffer containing 3% (wt/vol) paraformaldehyde. 80 l of such cell suspensions were laid for 1 h on glass coverslips precoated with poly-L-lysine (1 mg ml Ϫ1 ). The glass slides were then blocked for 40 min in B buffer (PBS with 3% [wt/vol] bovine serum albumin). Samples were incubated for 1 h in the same buffer with an anti-E tag monoclonal antibody (MAb) (10 g ml Ϫ1 ; Amersham Pharmacia Biotech). Each specimen was then washed five times with PBS and further incubated for 1 h with an anti-mouse IgG serum conjugated with Cy3 (Amersham Pharmacia Biotech) diluted at 1:100 in B buffer. Cells were then examined with epifluorescence microscopy as described elsewhere (48) .
Western blotting and protease digestion. For monitoring the presence of the hybrids in cell extracts, proteins samples were denatured and run in sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis as described before (48) . Briefly, after electrophoresis the proteins were blotted onto polyvinylidene difluoride membranes (Immobilon-P; Millipore) and incubated with anti-E tag MAb conjugated with peroxidase (Amersham Pharmacia). The membranes were developed with a chemiluminescence reaction and exposed to an X-ray film. Protease accessibility analyses were carried out as explained in (49) . In brief, induced E. coli cells were washed and resuspended in PBS, trypsin was added externally (1 g ml Ϫ1 ). Samples were incubated for 25 min at 37°C and stopped by adding trypsin inhibitor (5 g ml Ϫ1 ; Sigma). Total protein extracts from these cells were analyzed by Western blotting.
ELISA. The level of surface display of the E-tagged leucine zippers was quantified as follows. For intact cells, E. coli cultures were harvested, washed in PBS and resuspended in the same buffer at a final OD 600 of 2.0. Alternatively, bacteria were resuspended in PBS with 20 mM EDTA and lysed by sonication (48) . Either intact or lysed cells were attached to the enzyme-linked immunosorbent assay (ELISA) plate (Maxisorb; Nunc) for 1 h at room temperature. Samples were then blocked with 3% (wt/vol) skim milk in PBS for 1 h, rinsed in PBS and added with 1 g ml Ϫ1 of the anti-E tag MAb for 1 h. Plates were washed three times prior to incubation with anti-mouse IgG peroxidase conjugate (0.3 U ml Ϫ1 ; Roche). The ELISA were developed using o-phenylenediamine (Sigma). A similar protocol was used for assaying the accessibility of the peptidoglycan in E. coli expressing hybrid proteins. In this case, a rabbit serum anti-E. coli peptidoglycan (38) was used at 1:1,000, followed by treatment with a 1:500 dilution of protein A-peroxidase conjugate (Roche).
Cell aggregation assays. Liquid cultures of E. coli strains bearing plasmids pFos␤, pJun␤, or pHE␤ were separately grown to an OD 600 of 0.5 and then induced with 0.5 mM IPTG for 3 h at 37°C under vigorous shaking (180 rpm). After that, 5-ml aliquots of each culture were mixed as indicated. The mixtures were then transferred to 10-ml tubes and cultivated without shaking. Triplicate 100-l samples were withdrawn at 20-min intervals from the top of each tube for measurement of OD 600 across time. Additionally induced samples were also taken for examination under the microscope. To this end, 15-l aliquots of the cultures were deposited on the surface of a microscope slide covered with a thin layer of 1% (wt/vol) agarose in Tris 50 mM (pH 7.5) in order to immobilize the bacteria, and incubated at 37°C for 1 h in a water-saturated atmosphere. Coverslips were then placed on the samples, and subsequently the samples were visualized by phase-contrast microscopy.
RESULTS AND DISCUSSION
Expression of Fos␤ and Jun␤ proteins in E. coli. The rationale of the work described below is summarized in Fig. 1 . We have constructed hybrid outer membrane proteins of E. coli containing the ␤-AT domain of the IgA protease of N. gonorrhoeae (25, 49) and the partner leucine zippers of the eukaryotic transcription factors Fos and Jun (1, 2). The relevant inserts of plasmids pFos␤ and pJun␤ are sketched in Fig. 1 . These were designed to enable the production of fused twomodule proteins affording the surface display of a passenger domain with hetero-or homodimerization capacity. The production of the hybrid proteins in vivo can be monitored by means of a short E-tag epitope engineered within the linker region between the AT domain (ϳ45 kDa) and the Fos/Jun modules (ϳ8 kDa). In addition, the vector adds the N-terminal signal sequence of pelB for an efficient secretion (20) . Finally, these constructs place the expression of the hybrid proteins under the control of the lac promoter so that their production can be induced by IPTG and partially repressed by glucose.
Once the constructs were made, we examined their production, cellular location and their performance in vivo. Fig. 2A shows the Western blots corresponding to whole cell extracts of IPTG-induced E. coli cells transformed with plasmids pFos␤ and pJun␤. Bands of the expected size for the hybrid ␤-fusions were clearly produced when the blots were probed with an anti-E tag MAb. These bands were well defined, with no indication of instability or proteolytic degradation, thereby indicating that the Fos␤ and the Jun␤ hybrids are produced as full-length polypeptides. Since overproduction of OM proteins may cause damage to the cell envelope resulting in an artifactual display of otherwise not exposed proteins, we ensured also membrane integrity in cells expressing Fos␤ and the Jun␤. To this end, we assayed the accessibility of the peptidoglycan in induced E. coli cells transformed with pFos␤ and pJun␤. As shown in the ELISA of Fig. 2B , the same level of peptidoglycan detection was observed in E. coli control cells (nontransformed) than in those expressing the Fos␤ and Jun␤ hybrids. This result indicated that production of the ␤-hybrid did not alter the integrity of the OM. 
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protease was investigated. Once more, the E tag engineered in the corresponding fusion proteins was instrumental to tackle this concern. First, we attempted to visualize directly the location of the E tag on intact cells through epifluorescence microscopy (Fig. 3A) . Cells from IPTG-induced cultures of E. coli cells harboring pFos␤, pJun␤, and a plasmidless control were fixed and treated first with the anti-E tag MAb described above and then with a Cy3-conjugate of anti-mouse IgG serum (Materials and Methods). Under the epifluorescence microscope, we observed a strong red signal over the cells transformed with the Fos␤-or Jun␤-encoding plasmids, but not in the control. This was indicative of the display of the E tag on the cell surface. Since the E tag was engineered in pFos␤ and pJun␤ behind the leucine zippers ( Fig. 1) , it is necessarily secreted following the passenger Fos and Jun sequences, which must be exposed on the cell surface as well. Closer inspection of the images of Fig. 3A revealed that not every E. coli cell in the cultures bearing pFos␤ or pJun␤ produced epifluorescence. This could be explained on the basis of the stochastic induction that appears to operate on the lac promoter (4, 45) . But also, it may well happen that not all the expressed Fos␤ and Jun␤ proteins target the E tag (and the accompanying Fos and Jun modules) to the surface. To examine this possibility, we carried out a second assay to ascertain whether all or only part of the E tag of the fusion proteins was accessible from the outside. Intact cells expressing Fos␤ and Jun␤ were treated with externally added trypsin. This protease is not able to penetrate into intact cells (Fig. 2B) and thus is only able to degrade exposed domains (26, 42, 49) . After trypsin digestion cells were collected and their whole protein extracts analyzed by Western blotting with the anti-E tag MAb. The data shown in Fig. 3B indicates that 100% of the E tag signal disappears in samples treated with trypsin, thus demonstrating the full localization of the epitope on the cell outermost, accessible surface. In addition we performed ELISA in which we compared the levels of E tag which could be recognized by the anti-E Tag MAb in intact cells versus lysed cells. As shown in Fig. 3C , a minimum of 75% of the entire complement of E tags produced in vivo were detected in whole cells expressing Fos␤ or Jun␤. Since integrity of the outer membrane of cells expressing Fos␤ or Jun␤ is preserved (see above; Fig. 2B ) we conclude that the ELISA signals from whole-cell assays were due to the display of the E tags encoded by the hybrid proteins. The difference observed in the level of surface exposed passenger domains (100% measured by trypsin digestion versus 75% by ELISA) was maybe due to the interference in ELISA of the surface polysaccharides presented on intact E. coli cells.
Taken together, the results above show that all the produced Fos␤ and Jun␤ proteins complete the AT secretion pathway and localize their N-terminal domains (encompassing the Etag and the Fos/Jun moieties) on the cell surface. This is especially intriguing in the case of the Jun␤ protein, since (unlike Fos) the corresponding leucine zipper has a tendency to associate with itself, a property which could interfere with the secretory mechanism. However, this was clearly not the case, most likely because the mechanism of AT secretion also involves the formation of an oligomer (49) and tolerates the efficient translocation of folded protein domains towards the cell surface (E. Veiga, V. de Lorenzo, and L. A. Fernández, submitted for publication). The next step was thus to examine the biological activity of the secreted dimerization domains. Cell adhesion properties mediated by surface display of leucine zippers. If leucine zippers of the Jun and Fos sequences retained their ability to bring about strong proteinprotein interactions when exposed on the surface of E. coli cells, then their expression should cause cell aggregation. On this basis, we set out several assays to monitor cell-to-cell adhesion mediated by the occurrence of dimerization of the corresponding leucine zippers. The background of these assays is that Fos domains can form heterodimers only with the partner Jun domains. On the contrary, Jun modules can form both homo-and heterodimers (1, 2) .
As shown in Fig. 4A , 90 min after induction (see Materials and Methods), E. coli cells expressing Fos␤ remained in suspension, while the same cells bearing the pJun␤ plasmid sedimented spontaneously (thereby quickly lowering the OD 600 of the culture from 2.2 to 0.3; Fig. 4B ). This was accompanied by formation of a thick bacterial precipitate. This bacterial precipitate could be resuspended by vortexing and the cultures recovered the same OD 600 than that of the culture expressing Fos␤ (data not shown). Interestingly, a mixed population of cells expressing Fos␤ and Jun␤ cosedimented very rapidly as well ( Fig. 4A and B) suggesting that the cells expressing the Jun␤ fusion pulled down entirely those presenting Fos␤.
To determine whether the aggregation observed in the mixed population of Fos␤ and Jun␤ expressing bacteria was due to specific interactions between the Fos and Jun leucine zippers we performed similar experiments using a control ␤ fusion devoid of leucine zipper (HE␤). This control fusion consisted in a poly-His segment fused to the ␤ domain of the IgA protease. Cells expressing HE␤ remained in a planktonic state identical to those expressing Fos␤ (Fig. 4B) . The OD 600 of a mixed culture of bacteria expressing Jun␤ and HE␤ decreased only by half of the initial OD. This indicated that only part of the mix culture (probably this corresponding to the Jun␤ expressing bacteria) precipitated. On the contrary (Fig.  4A ) a mixed population of cells expressing Fos␤ and Jun␤ cosedimented to the same extent as the cells expressing Jun␤ alone. These data confirm that precipitation of the mixed culture of bacteria expressing Fos␤ and Jun␤ was due to the heterodimeric interactions of Fos and Jun exposed leucine zipper domains.
Samples from the different cultures were also inspected by phase contrast microscopy as shown in tions, the presentation of a large variety of protein structures. The size of the pore formed by the oligomeric AT complex (49) allows the efficient secretion of folded Ig domains (submitted for publication). Interestingly, Ig domains are frequently found naturally in bacterial adhesins (6, 15, 32, 40) . Although the passenger domains of some AT proteins (typically the IgA protease) are released into the external medium (16), the AT ␤ domains anchor in many cases protein modules which endow cells with novel adhesion properties. AT systems are highly similar in their C-terminal portion, which encompasses the ␤ barrel plus the linker region necessary for secretion (25, 34 ). Yet, ATs are very divergent in their N-terminal part (i.e., the passenger domain). Thus, ATs are suited as scaffolds for the generation of novel adhesins. These could be selected in vivo through a simple attachment-mediated clonal selection similar to that observed in Igs (35) or the selection of clones of interest by phage display (13) . Unlike fimbriae, the attachment properties of which are strongly limited by structural constrains (7, 39) , ATs tolerate a wide range of protein modules that become displayed with the same structure that they had prior to become fused to the ␤ domain (19, 23, 28, 33, 47, 48) . Adventitious fusion of a protein fold typical of distant DNA binding proteins result in novel cell surface adhesion properties. In light of our results, it is tempting to speculate with the possibility that this recruitment of protein-protein interaction domains may occur also in nature for the generation of novel adhesins. Such aleatory fusions to AT domains could easily lead to functional switching of the recruited protein folds.
